Following the recognition that hematopoietic stem cells improve the outcome of myocardial infarction in animal models, bone marrow mononuclear cells, CD34-positive cells, and mesenchymal stromal cells have been introduced clinically. The intracoronary or intramyocardial injection of these cell classes has been shown to be safe and to produce a modest but significant enhancement in systolic function. However, the identification of resident cardiac stem cells in the human heart (hCSCs) has created great expectation concerning the potential implementation of this category of autologous cells for the management of the human disease. Although phase 1 clinical trials have been conducted with encouraging results, the search for the most powerful hCSC for myocardial regeneration is in its infancy. This manuscript discusses the efforts performed in our laboratory to characterize the critical biological variables that define the growth reserve of hCSCs. Based on the theory of the immortal DNA template, we propose that stem cells retaining the old DNA represent 1 of the most powerful cells for myocardial regeneration. Similarly, the expression of insulin-like growth factor-1 receptors in hCSCs recognizes a cell phenotype with superior replicating reserve. However, the impressive recovery in ventricular hemodynamics and anatomy mediated by clonal hCSCs carrying the "mother" DNA underscores the clinical relevance of this hCSC class for the treatment of human heart failure. FIGURE 3. Notch inhibition induces a dilated myopathy. A, Schematic representation of the interaction between Jagged1 and Notch1 within the cardiac stem cell niches. B, Fraction of Nkx2.5-positive CSCs in the absence (control) and the presence of N1ICD overexpression (N1ICD). Results are mean ± SD. *P < 0.05. C and D, B-mode and M-mode echocardiography of vehicle (left) and γ-secretase inhibitor-injected mice (right). E and F, γ-secretase inhibition led to ventricular dilation, depressed fractional shortening and ejection fraction, and increased mortality. G, With respect to a control heart (left panel), ventricular dilation and wall thinning are apparent in γsecretase inhibitor-treated mice (center and right panels). H, Effects of γ-secretase inhibition on cardiac anatomy. Results are mean ± SD. *P < 0.05. CSC indicates cardiac stem cell; SD, standard deviation. Reprinted with permission from Urbanek et al. 52
W ork performed in the past decade has challenged the generally accepted but never proven paradigm that the heart is a postmitotic organ characterized by a predetermined number of parenchymal cells, which is defined at birth and is preserved throughout life till death of the organism. Several lines of evidence have been obtained in favor of the regeneration potential of the adult and failing myocardium. These results have offered a more biologically valid interpretation of the growth reserve of the decompensated heart and of its myocyte population. Activation of the components of the cell cycle machinery, bromodeoxyuridine (BrdU) incorporation, and expression of markers of cell replication, Cdc6, Ki67, MCM5 and cyclin B1, have been detected in cardiac myocytes. The impressive documentation of the mitotic spindle, with the bipolar shooting out of chromosomes, and the recognition of the contractile ring, as the last narrow bond between 2 dividing daughter cells, karyokinesis and cytokinesis, have unequivocally shown that cardiomyocyte replication occurs in the fully developed mature heart. [1] [2] [3] [4] These observations have imposed a reinterpretation of the growth mechanisms of the myocardium, which has resulted in the identification of a compartment of resident multipotent cardiac stem cells (CSC). [5] [6] [7] [8] However, the search for the most powerful human CSC for myocardial regeneration is in its infancy, and this manuscript discusses the efforts performed in our laboratory to characterize the critical biological variables that define the growth reserve of this novel cardiac cell category.
MECHANISMS OF STEM CELL DIVISION
The immortal DNA strand hypothesis advanced by Cairns 9 raised the possibility that stem cell division is characterized by asymmetric segregation of chromatids so that 1 daughter cell contains only the old intact DNA templates and the other daughter cell contains chromatids composed exclusively of the newly synthesized DNA strands ( Fig. 1 ). 10 The process of nonrandom segregation of DNA templates would attenuate the accumulation of spontaneous mutations 9, 11, 12 and in the event that deleterious mutations have been acquired, stem cells would undergo replicative senescence and apoptosis [13] [14] [15] [16] having a reduced capacity to repair DNA damage. 9, 17, 18 The recent reconsideration of the immortal strand theory 12, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] has promoted intense debate in the scientific community 9, 11, [29] [30] [31] adding a new level of complexity to the recognition and understanding of stem cell function in adult solid organs.
If Cairns' hypothesis is correct, telomeric shortening dictated by DNA replication would affect only partly the actual stem cells retaining immortal strands. Telomere attrition would be largely restricted to the newly synthesized strands when they become templates in subsequent descendants. 20, 21 In addition, the validity of the long-term label-retaining assay, employed for the identification of stem cells in various organs, would be problematic. [32] [33] [34] [35] [36] [37] This protocol is based on the notion that stem cells divide rarely and/or have a very long cell cycle time. Therefore, the long-term label-retaining property of a cell would document its stemness whereas the progressive dilution of the label would identify the generated progeny. However, this assumption would not be valid: "real" stem cells which incorporate bromodeoxyuridine would lose the labeled DNA by the second division, [9] [10] [11] 29 challenging the recognition and quantification of the stem cell compartment by this methodology (Fig. 2 ). According to Cairns' model, chromosomes are segregated asymmetrically in a population of stem cells which represent the most primitive cell pool that controls cell turnover of organs in a steady state. Whether these progenitor cells are involved in rapid tissue repair after damage is uncertain; theoretically, these cells cannot divide symmetrically and each form 2 committed cells.
As emphasized by Lansdorp, 30 however, several questions have been raised concerning asymmetric segregation of chromatids during stem cell division: [38] [39] [40] they include the extremely high number of DNA lesions occurring every day in both DNA strands which are successfully repaired; 41 the low rate of stem cell turnover in organs, such as the bone marrow and the gut; 42, 43 the nonprimitive progenitor state of cells showing immortal strand segregation because of their high rate of division; 30 the presence of epigenetic marks promoting in 1 sister chromatid, and suppressing in the other, the expression of selective genes; 30 the impossibility to prevent telomeric shortening at the 5′ end of the immortal DNA template; 30 and the lack of estimates of the fraction of cells showing asymmetric versus symmetric chromatid segregation. 30, [38] [39] [40] These variables impose a reevaluation of the strategies required for the identification, characterization, and quantification of CSCs.
Based on the reconsideration of this modality of stem cell replication and its potential role in CSCs, the possibility exists that the loss of the most primitive stem cell compartment of the myocardium might be causally related to organ and organism aging and lifespan, and to the onset of ventricular dysfunction and its progression to endstage heart failure (HF). The limits in the recovery process of the adult human heart remain undefined and the cellular processes that condition the progression of cardiac pathologies to overt HF have not been characterized yet. However, defects in progenitor cell function may determine the decompensated cardiac phenotype. 13, 15, [44] [45] [46] [47] On this premise, the role of symmetric stem cell division and fate, ie, random DNA template segregation, and asymmetric stem cell division and fate, ie, nonrandom DNA template segregation, needs to be determined to define whether changes in human CSC growth and differentiation contribute to the impairment in ventricular performance of the diseased heart. In both cases, fate refers to the destiny of the daughter cells and whether they retain an undifferentiated state or acquire a specialized cell phenotype.
DIVISION OF HUMAN CARDIAC STEM CELLS
According to the immortal DNA strand hypothesis, cells carrying the old DNA function as stem cells and preserve the stem cell pool of the organ, whereas cells containing the newly synthesized DNA undergo lineage specification. 9 Thus, asymmetric segregation of chromatids has been considered equivalent to asymmetric stem cell division. This view questions that symmetric division of stem cells may form 2 daughter stem cells or 2 daughter committed cells. However, human CSCs divide symmetrically and asymmetrically in vitro and in vivo generating daughter cells with identical or divergent fate. 48 These patterns of human CSC division have been determined based on the localization of the cell fate determinants numb and α-adaptin, which condition the function of the Notch receptor critical for the pattern of stem cell replication and destiny of the daughter cells ( Fig. 3 ). 24, 36, [49] [50] [51] [52] In addition, clonogenic growth with generation of a cluster of stem cells derived from division of individual parent cells would have to be reinterpreted. Only parent cells would be undifferentiated, whereas all other clonal daughter cells would represent a committed progeny. Our data do not support this view. 10 Cells within the clones only rarely express nuclear and cytoplasmic proteins of cardiac lineages, indicating the primitive state of clonal cells, rather than the commitment of the entire pool with the exception of the parent cell. These data suggest that human CSC behavior may be more dynamic than projected by Cairns' theory. Schematic representation of DNA segregation with stem cell division. A, With asymmetric chromatid segregation, 1 dividing mother stem cell (DNA strands, blue in online version) synthesizes new DNA (red in online version) during Sphase. The 2 sets of chromosomes are separated in anaphase and then the 2 daughter stem cells are generated, 1 carrying only the mother DNA (blue) and the other only the newly synthesized DNA (red). In each chromosome, the 2 sister chromatids are held together at their centromere (green dot). B, With symmetric chromatid segregation, 1 dividing mother stem cell (DNA strands, blue) synthesizes new DNA (red) during S-phase and generates 2 daughter stem cells, each carrying the mother DNA (blue) and the newly synthesized DNA (red). Reprinted with permission from Kajstura et al. 10 The approach required to discriminate random from nonrandom DNA template segregation during human CSC division is complex; in vivo studies in humans cannot be performed and the primitive or partially committed state of progenitor cells cannot be definitely ascertained in any system in vivo. 30, 39 This limitation questions the accuracy and interpretation of in vivo results. 53 If the immortal DNA strand hypothesis is correct, the ancient "grandparent" DNA cannot be targeted by exogenously delivered thymidine analogs and the coexistence of old and newly synthesized labeled "parent" DNA is lost in the second generation. 12, 19, 24, 29 making it impossible to follow in vivo the destiny of human CSCs carrying the immortal DNA ( Fig. 2) .
Although stem cell division by asymmetric chromatid segregation prevents the accumulation of mutation errors during DNA replication, eventually decreasing the incidence of cancer, 11 the application of this concept to the heart is less clear. Whether human CSCs dividing by asymmetric chromatid segregation can eventually result in cancer formation has not been established, but this is an unlikely possibility. In fact, this mechanism of cell replication prevents defects in the DNA that might favor the acquisition of a tumorigenic stem cell phenotype. Malignant neoplasms are rare in the adult myocardium and this modality of stem cell duplication may be highly relevant if it reflects the preservation of the most powerful pool of cardiac progenitors for the homeostatic control of the organ and tissue repair after injury. If the theory is correct, the hypothesis may be advanced that nonrandom chromatid segregation during human CSC division may generate a daughter stem cell, which retains all the properties of the mother cell, and a daughter committed cell that forms a progeny of young functioning cells. In contrast, random chromatid segregation during human CSC division would not have a similar effect. The daughter stem cell and the daughter committed cell should lose in part their original growth and differentiation potential, triggering the process of cellular senescence. Therefore, the age of the progeny derived from activation, division and differentiation of human CSCs may vary whether the mother cell carries the old or the newly synthesized DNA.
STEM CELL DIVISION AND MYOCARDIAL PATHOBIOLOGY
The implications of the immortal DNA strand theory of stem cell proliferation in the myocardium has been based on the premise that throughout the lifespan of the organ, human CSCs consist of 2 subsets of primitive cells, which divide according to the nonrandom and random segregation of chromatids, respectively. If human CSCs which retain immortal DNA strands are superior cells in terms of growth and differentiation, changes in the relative proportion of progenitor cell subsets may occur with aging and HF. Human CSCs carrying old DNA templates may predominate during the postnatal growth of the heart, but their number may progressively decrease with aging alone and together with cardiac diseases, attenuating with time the intrinsic growth reserve of the decompensated heart. This prospect has several important implications: (1) it would support or question the validity of the immortal DNA strand hypothesis for the heart; (2) it would support or question a biological and clinical role of the immortal DNA strand hypothesis for myocardial aging and HF;
(3) it would support or question the notion that the aging myopathy and HF are a stem cell disease; and (4) it would support or question the view that the aging myopathy and HF may be partially reversed by activation of the residual compartment of human CSCs that have retained the old mother DNA.
Understanding how primitive cells decide to acquire a particular cell phenotype is of major relevance biologically and clinically. 54 The fate of human CSCs may be dictated by their gene expression profile that may condition their preferential lineage specification, together with inductive signals from neighboring cells. 7 The relevance of cell-to-cell interaction in the activation and differentiation of cardiac progenitors into mature myocytes has been well documented. 51, [55] [56] [57] However, we cannot exclude that the acquisition of cell identity may be purely stochastic and independent from the environment and history of the cell.
Whether human CSCs divide by nonrandom and/or random segregation of chromatids can only be shown by clonal assay of BrdU tagged human CSCs (Fig. 4 ). In fact, clonal cells formed by division of BrdU-positive parent human CSCs carrying the immortal DNA will show only 1 BrdU-labeled cell (newly synthesized strands of parent DNA), whereas all other human CSCs in the clone will be BrdU-negative, being the descendants of the mother cell retaining the entire old DNA template. In contrast, clones formed by division of human CSCs with random segregation of chromatids will be composed of cells that are all BrdU-positive, although dilution of BrdU will occur with clonal expansion. 10 This protocol has been applied and it has been able to underscore at the stem cell level, ie, clonogenicity, that human cardiac stem cells derived from the same sample of human myocardium divide by nonrandom or random chromatid segregation, strongly suggesting that the resident stem cell pool is composed of 2 cellular subsets with differential growth properties. 10 The number of clonal cells is higher and the population doubling time is shorter in clonal cells carrying the mother DNA during replication. In addition, dramatic differences have been found in terms of the number of senescent p16 INK4a -positive human CSCs and fraction of dying apoptotic cells. These parameters were all in favor of a superior growth reserve of human CSCs carrying the immortal DNA ( Fig. 5) .
Importantly, the BrdU-labeled cell in the clones generated by human CSCs dividing by asymmetric chromatid segregation was analyzed to determine possible alternatives to the immortal DNA strand hypothesis: 10, 30 (1) the BrdU-positive human CSC may have reached replicative senescence and growth arrest early in the formation of the clone; (2) the nonsenescent BrdU-labeled sister cell may be responsible for the generation of the clone with dilution of BrdU, which became undetectable by immunolabeling; and (3) the BrdUpositive human CSC may reflect a cell blocked in S-phase, because of replication errors and activation of the DNA repair machinery. To address these potential confounding variables, 40 clones, each containing 1 BrdU-positive human CSC, were stained for the senescence-associated protein p16 INK4a that prevents permanently the reentry of stem cells into the cell cycle. 10 In these clones, BrdU-positive and BrdU-negative cells did not express p16 INK4a , excluding that the human CSC that inherited the newly synthesized DNA reached growth arrest. With the exception of 1 BrdU-positive human CSC, these small clones were composed of BrdU-negative cells, indicating that an extreme level of dilution of BrdU did not occur in clonal cells with multiple divisions. Moreover, proteins indicative of DNA repair, p53 and ATM kinase, 10 were absent in BrdU-positive cells, which showed a diploid DNA content. Taken together, these data affirm that division of human CSCs by asymmetric chromatid segregation does not involve acquisition of the senescent phenotype of the BrdUlabeled cell, excessive dilution of BrdU in dividing cells carrying the old DNA, or transient blockade in S-phase of the BrdU-positive human CSC undergoing DNA repair.
In vivo strategies can define whether asymmetric or symmetric stem cell division occurs, 58 but this critical aspect of stem cell growth cannot be interpreted in the context of nonrandom or random chromatid segregation. 39, 59 Chromosome orientation-fluorescence in situ hybridization of metaphase spreads, or tissue sections, allows the discrimination of the pattern of DNA segregation at the single chromatid level, 60, 61 but the presence or absence of markers of stemness and commitment remains to be defined. This limitation applies to the multi-isotope imaging mass spectrometry method 59 and to the partial asymmetric chromatid segregation shown in mouse cardiac progenitor cells. 62 The mitotic spindle uses dynamic microtubules and mitotic motors to drive the movements that underlie "search and capture" of chromosomes, and their alignment and segregation. 63 In an attempt to understand the molecular basis of the biased segregation of chromatids in human CSCs, the left-right dynein motor protein (LRD), 64 which regulates the modality of cell division and embryonic leftright body axis asymmetry, was studied. 10,65 LRD mRNA was highly expressed in human CSCs, and to a lesser extent in human myocardium ( Fig. 6 ). 10 BrdU-labeled human CSCs were then transduced with a plasmid or lentivirus containing siRNA for LRD and EGFP, FACSsorted for EGFP, and plated for clonal assay. Control human CSCs, transduced with scrambled siRNA, expressed normal levels of LRD. Approximately 5% of clones generated by control human CSCs showed a single BrdU bright cell, reflecting the expected fraction of human CSCs dividing by ACS. Conversely, downregulation of LRD in human CSCs led to clones formed almost exclusively by SCS, suggesting that LRD is implicated in asymmetric chromatid segregation during mitosis. 10 Thus, these results provide evidence that the human heart possesses a pool of human CSCs that, during division, undergo asymmetric chromatid segregation, generating 2 daughter stem cells which retain the old and new DNA, respectively. This pattern of stem cell replication is conserved in subsequent divisions, preserving exponential cell growth and attenuating, partly, the processes implicated with replicative senescence and growth arrest. Selective partitioning of chromatids in cycling human CSCs may be regulated by the LRD protein, which is required for the biased segregation of the leading and lagging strands of the DNA in daughter cells. 10 
STEM CELLS AND HUMAN HEART FAILURE
It is difficult to anticipate how aging, HF, and the unpredictable path of cardiac diseases in the elderly influence human CSC function and myocardial reserve. Ischemic cardiomyopathy and hypertension are the major causes of chronic HF. 66 However, myocardial infarction and high blood pressure lead to HF by mechanisms that are initially distinct and continue to vary during the progression of the pathologic state, although their differences may be attenuated in the terminal phases of cardiac decompensation in both animals and humans. Large myocardial infarcts result in acute ventricular dysfunction, whereas with smaller infarcts, the segmental loss of myocardium conditions chronic cardiac remodeling and the clinical course of the myopathy. The postinfarcted heart typically shows cavitary dilation, wall thinning, decreased systemic blood pressure, and an increase in both diastolic and systolic wall stress.
Conversely, systemic hypertension is characterized by preservation of chamber volume with thickening of the wall. The hypertensive heart is faced initially by an increased systolic load only; diastolic dysfunction is a minor factor promoted by the increase in myocardial stiffness. Long-term, left ventricular end-diastolic pressure increases, and chamber volume expands. Myocyte death affects clusters of myocytes and foci of replacement fibrosis together with interstitial fibrosis become apparent. 66 Myocardial perfusion is impaired; minimal coronary vascular resistance increases and coronary reserve decreases. These abnormalities are prominent in hypertensive hypertrophy but are also detected in the postinfarcted heart. Valvular defects are commonly associated with a combination of pressure and volume overload and anatomical remodeling is dictated by the prevailing load. Complex is our understanding of how the diabetic myopathy and/or aging influences human CSCs; 44,67 experimentally, oxidative stress is the major determinant of progenitor cell death and HF with uncontrolled diabetes. [68] [69] [70] Ischemic heart disease, hypertension, diabetes, and valvular defects are frequently associated with myocardial aging and HF. However, the phenotypic architecture and loading of the heart vary significantly among patients raising 2 challenging questions: (1) is the human CSC compartment depleted in the decompensated heart or no matter how long and severe is HF a pool of functionally competent progenitors is present in the myocardium and can be employed therapeutically? and (2) is myocardial aging alone and in combination with cardiac pathology affecting more human CSCs which replicate retaining the old or the new DNA? These determinants may condition the duration of the disease and severity of the clinical manifestations. HF of genetic origin has to be excluded. Autologous human CSCs will carry the genetic defect and will differentiate in myocytes and coronary vessels with an abnormal phenotype. If present, the therapeutic efficacy of the expanded human CSCs will be short term and limited in scope. To answer these challenging questions, we need to establish the biological and clinical import of human CSCs which divide by symmetric and asymmetric chromatid segregation in a variety of patients to define the complexity of the human disease. The broad inclusion of cases aims at the identification of human CSC function in each individual and, thereby, the recognition of the most effective progenitor cell pool for myocardial regeneration in each case. The objective is to advance the field of human CSC biology and introduce a unique analysis of the growth and differentiation properties of the patient's own human CSC classes. By this strategy, we may achieve a targeted, selective treatment of the patient's specific pathologic state. Some data are available and strongly suggest that myocardial aging is characterized by a decrease in the percentage of clones derived from human CSCs carrying the old DNA and by an increase in the fraction of clones generated by human CSCs carrying the newly synthesized DNA (Fig. 7A) . Of great relevance, in hearts 1 to 14 years of age, telomere length varies from 6.0 to 12 kbp in both human CSC classes, regardless whether they divide by asymmetric or symmetric chromatid segregation (Fig. 7B) ; however, in hearts 46 to 83 years old, telomere length ranges from 5.0 to 12 kbp and from 2.0 to 11 kbp in human CSCs carrying the old and newly synthesized DNA, respectively. More importantly, telomere length decreases linearly with age only in human CSCs dividing by symmetric chromatid segregation (Fig. 7C) ; its preservation in human CSCs harboring the old DNA may reflect the protection of telomeric DNA at the 3′ chromosomal end during S-phase. In addition, telomerase activity is comparable in these stem cell classes (Fig. 7C ). Epigenetic marks in the longer telomeres of human CSCs with old DNA may account for the more effective maintenance of chromosomal ends in this stem cell pool. 30 This mechanism is operative in stem cells with high selfrenewing potential, a property found in human CSCs harboring the old DNA. Thus, human CSCs dividing by asymmetric chromatid segregation constitute a stem cell pool with high degree of growth reserve and self-renewing ability, critical variables for effective cardiac homeostasis and repair.
STEM CELLS AND MYOCARDIAL REGENERATION
The discovery that hematopoietic stem cells (HSCs) can acquire cell lineages different from the organ of origin has started a scientific revolution. 71, 72 The behavior of HSCs has surprised and distressed many of us; they disobey the dogma of embryonic specification and undergo unexpected metamorphoses. 73 However, to recompose a safe, comfortable, and orderly view, studies reporting negative findings and affirming the impossibility to reproduce published positive results have suddenly become very popular and have found easy hospitality in high impact journals. 4 This confusion is feeding a fire that has divided the scientific community in supporters and opponents of cell therapy for the damaged heart. Despite the controversy, bone marrow mononuclear cells (BM-MNCs) have been implemented clinically, but rather than attenuating the debate this strategy has increased the dispute among physician scientists creating a significant level of uncertainty in the field.
Historically, the recognition, nearly 13 years ago, that c-kitpositive HSCs have the inherent ability to repair the infarcted myocardium in experimental models 71 has profoundly affected cardiovascular research and clinical cardiology; c-kit is the receptor of stem cell factor. These observations raised the possibility that HSCs retain a remarkable degree of developmental plasticity being able to generate cardiomyocytes and coronary vessels, a process that seems to contrast with their assumed predetermined lineage specification. During prenatal life, stem cells undergo a hierarchical progressive restriction of developmental options, and this mechanism of embryonic determination was thought to be irreversible and inviolable in adulthood. 1, 73 The unanticipated plasticity of adult HSCs to form cells beyond their own tissue boundary has become the driving force of a series of clinical studies in which BM-MNCs have been introduced as an experimental therapy in the management of the acutely infarcted or chronically failing heart. 74 In addition, CD34-positive cells, and BM or adipose tissue-derived mesenchymal stem cells (MSCs) have been used clinically, in general with positive results, but the absence of benefit with these strategies has also been reported. 75 Although a recent meta-analysis strongly supports the view that various classes of BM cells interfere with left ventricular dysfunction, infarct size, ventricular remodeling, and mortality in patients with ischemic heart disease, 74 the inconsistency in clinical outcome observed in some studies has attenuated the enthusiasm for this experimental therapeutic approach. Some trials showed no benefit, whereas others have provided unequivocal beneficial outcomes. 74, 76 Several variables may be acknowledged in an attempt to reconcile these differences, but the simplest and most probable explanation could be related to the preparation and characteristics of the BM-MNCs used in these trials. Importantly, BM-MNCs should not be confused with HSCs; only an undetermined, minute number of cells in the BM-MNC pool may possess properties of HSCs. Experimentally, remarkable levels of myocardial regeneration after infarction have been obtained with HSCs, not with BM-MNCs. 71, 72, 77 The concept that factors released from BM-MNCs or MSCs activate resident human CSCs, inducing indirectly cardiac repair, is an attractive possibility. This growth response, however, may expand the surviving myocardium where viable human CSCs are present. 78 It is unlikely that the potential paracrine effect mediated by BM-MNCs or MSCs promotes the migration of human CSCs from the spared myocardium to the necrotic/scarred tissue, initiating a process capable of restoring the structural and functional integrity of the infarcted heart. Similarly, the recruitment of circulating progenitors is modest, at best, pointing to the delivered cells as the critical determinant of a successful clinical trial. A phase 3 clinical trial is ongoing in Europe with mortality as an end-point, and this study will answer definitely the question whether BM-MNCs have to be implemented in the management of human HF.
In addition to the plasticity of HSCs and their ability to regenerate damaged organs, the function of resident stem cells is to maintain tissue homeostasis in response to perturbations. The documentation of the existence of organ-specific adult stem cells has created great expectations concerning their utilization as a novel strategy for the treatment of the human disease. [1] [2] [3] [4] If the goal of medicine has been to treat symptoms of diseases and possibly remove their causes, scientists and physicians point now to a more ambitious target. The primary objective of regenerative medicine is the complete structural and functional recovery of the injured organ. Regeneration coincides with tissue homeostasis and involves the replacement of cells lost by normal wear and tear and, ideally, after injury. The regenerative capacity of organs is a property of particular significance in organisms with long lifespan; in fact, the preservation of the components of each tissue and their functional integration is essential for survival.
Damage creates a barrier to restitutio ad integrum and promotes the initiation of a repair process that leads to the formation of a scar. Scar formation is crucial for rapid handling of the damage, to seclude the lesion from healthy tissue and to prevent a cascade of uncontrolled deleterious events. 1 However, the scar does not possess the biochemical, physical, and functional properties of the uninjured tissue and, therefore, negatively affects the overall performance of the organ. To the best of our knowledge, the c-kit-positive human CSC is the only 1 which has been shown experimentally to replace scarred infarcted myocardium with functioning tissue composed of newly formed cardiomyocytes and coronary vessels. 15, [79] [80] [81] This structural recovery restores in part the hemodynamic performance of the injured heart.
A dilemma is emerging in clinical cardiology. The human heart contains a pool of human CSCs that can be harvested from small samples of myocardium and, following their expansion in vitro, delivered back to patients by intracoronary infusion. This approach has been implemented in a phase I clinical trial comprising a cohort of 20 patients with chronic HF of ischemic origin; 82, 83 this study is in its stage of completion with encouraging results. In addition, functionally competent human CSCs for subsequent autologous delivery can be obtained from myocardial biopsies of patients with advanced HF, undergoing either cardiac transplantation or left ventricular assist device implantation. 84 Thus, autologous human CSC therapy is feasible and can be considered for research evaluation in patients with advanced HF. The predicament is whether tissue-specific adult stem cells are superior, equally effective, or inferior to HSCs, BM-MNCs, and MSCs. Cardiospheres contain a core of c-kit-positive human CSCs and their beneficial effects clinically 85 may be largely dependent on the small pool of primitive cells delivered together with a large number of mesenchymal cells.
HUMAN CARDIAC STEM CELL CLASSES
Multiple variables interfere with the function of human CSCs; diabetes, aging, and HF alone or in combination alter the stem cell compartment and affect negatively the growth of human CSCs. Moreover, the isolation and expansion of c-kit-positive human CSCs from small samples of human myocardium yields a heterogeneous cell population composed of stem cell subsets with a considerably different ability to divide and differentiate in vitro and in vivo. Based on clinical and animal data on aging and ischemic HF, 15, 86 the insulin-like growth factor (IGF) system and the reninangiotensin system have been defined in human CSCs. 87 A series of in vitro and in vivo assays have been conducted to evaluate the independent and combined function of IGF-1 receptor (IGF-1R), IGF-2R, and angiotensin type 1 receptor (AT1R) and their respective ligands in human CSC growth and repair capacity. The expression of IGF-1R in human CSCs recognizes a young cell phenotype characterized by long telomeres, high telomerase activity, enhanced cell proliferation, and attenuated apoptosis. In addition to IGF-1, IGF-1R-positive-human CSCs secrete IGF-2 that promotes myocyte differentiation. Conversely, the presence of IGF-2R and AT1R, in the absence of IGF-1R, identified senescent human CSCs with impaired growth reserve and increased susceptibility to apoptosis. The expression of IGF-1, IGF-2, and IGF-1R decreased linearly with age, whereas the expression of IGF-2R, AT1R, and angiotensin II increased with age ( Fig. 8A ). In addition, diabetes affected further the level of expression of IGF-2R and AT1R (Fig. 8B ). More importantly, IGF-1R-positive-human CSCs improve experimentally cardiomyogenesis and vasculogenesis, resulting in a significant potentiated recovery of the infarcted myocardium. 87 Pretreatment of IGF-1R-positive-human CSCs with IGF-2 results in the formation of more mature myocytes and superior recovery of ventricular structure, pointing to this human CSC subset as an ideal candidate cell for the management of human HF.
Thus, the association of c-kit with distinct proteins on the membrane of human CSCs conditions functional differences within an apparently uniform cell compartment. The behavior of human CSCs is dictated by a specific surface phenotype which permits the selective isolation of young highly dividing human CSCs from the pool of c-kit-positive cells. Different membrane receptors affect the phenotypic plasticity of human CSCs and their ability to compensate myocyte loss by forming new efficiently contracting parenchymal cells. In addition, the IGF-1-IGF-1R system in human CSCs provides critical information concerning the recovery of the myocardium after successful revascularization of patients suffering from chronic coronary artery disease. 88 Negative left ventricular remodeling after coronary bypass surgery is not observed if the human CSC compartment, before surgery, retains a significant growth reserve. The decline in the replicative potential of human CSCs is paralleled by alterations in ventricular wall thickening, together with chamber dilation and reduction in left ventricular mass-to-chamber volume ratio. The expression of IGF-1R has dramatic effects on CSC division, survival, and in the generation of a differentiated specialized progeny. 87, 88 And the high correlation between human CSC growth and the size and shape of the heart strongly suggests that the behavior of human CSCs is implicated in the positive or negative outcome of the surgically treated ischemic cardiomyopathic heart. 88 In a manner comparable with IGF-1R-positive human CSCs, human CSCs carrying the old DNA have long telomeres and generate a large pool of nonsenescent cells. This high selfreplicating potential exceeds significantly the growth of human CSCs that possess only the newly synthesized DNA, making the former class of stem cells a more desirable progenitor for myocardial regeneration. 10 When implemented in vivo, human CSCs with old DNA lead experimentally to a restoration of the infarcted myocardium, which is structurally and functionally superior to that induced by human CSCs with new DNA. 10 The replacement of the entire infarcted region of the wall with newly formed cardiomyocytes and coronary vessels has never been seen before with any cardiac and non-CSCs. The impressive recovery in ventricular hemodynamics (Fig. 8C ) and anatomy mediated by clonal human CSCs carrying the "mother" DNA underscores the importance of this stem cell category for the management of ischemic and nonischemic HF.
CONCLUSION
IGF-1R-positive human CSCs and human CSCs carrying the old DNA represent important subsets of the complex pool of stem cells nested in the adult human myocardium. A direct comparison of the regenerative capacity of these 2 human CSC classes remains to be done, leaving unanswered the question whether human CSCs retaining the "immortal DNA" are superior, equal, or inferior to IGF-1R-positive hCSCs in restoring the integrity of the injured myocardium. Future studies will resolve this conundrum, which may have critical implications in the understanding of the pathobiology of the decompensated heart and the search for the most powerful human CSC for the treatment of advanced HF.
